Introduction {#S0001}
============

Cancer, a devastating disease, is the main cause of death in both developed countries and developing countries and constitutes an enormous burden on society. The occurrence of cancer is increasing, and so as the social burden. According to GLOBOCAN estimates, about 18.1  million new cancer cases and 9.6 million deaths occurred in 2018 worldwide.[@CIT0001] The main treatment methods for cancer include traditional methods, surgery, radiation therapy and chemotherapy, and the newly emerging molecular targeted therapy and immunotherapy. The three traditional treatment therapies for cancer have many limitations and evolve slowly over the past decades. For example, surgery often causes significant pain and disfigurement for patients; radiation therapy can only cure local disease; chemotherapy may result in extensive dangerous side-effects and drug resistance. By contrast, molecular targeted therapy and immunotherapy with distinct advantages emerge as promising new modalities for anticancer therapy. Molecular targeted therapy acts on specific tumor targets and can achieve better responses with fewer toxicities. This approach has achieved great success in many human cancers, such as but not limited to: the receptor tyrosine kinase inhibitor (TKI) imatinib in chronic myelogenous leukemia,[@CIT0002] the anti-HER2 monoclonal antibody Herceptin in breast cancer,[@CIT0003] the multi-targets kinase inhibitor sorafenib in liver cancer,[@CIT0004] the third-generation EGFR-TKIs Osimertinib in lung cancer,[@CIT0005] and the humanized monoclonal antibody nimotuzumab in head and neck cancers.[@CIT0006] Cancer immunotherapy offers great hope for a cure by targeting cancer cells more specifically and more robustly than existing traditional treatments. The promise for this method lies in the exquisite specificity of the immune system, which could confer efficacy without toxicity, and the potential for lifelong immunological memory to prevent relapse.[@CIT0002] One of the hottest realms in immunotherapy research is PD-1/PD-L1. In clinical practice, the T cell-directed immune checkpoint inhibitors PD-1/PD-L1 indeed have demonstrated unprecedented efficacy in patients with lung cancer and melanoma. Because of the significant clinical benefits of immunotherapy, increasing clinical trials and extensive basic research on immune checkpoints are gonging on, and the results worth the wait. Theoretically, molecular targeted therapy and immunotherapy may be applied to many types of cancers, so long as cancer has the molecular target or the immune target. It's a meaningful work to try to find such a molecular target or immune target.

OTUD4, a member of the OTU family, encodes for a protein of 495 amino acids with an OTU domain and functions via their enzymatic deubiquitinating activities.[@CIT0007] Additionally, OTUD4 contains a putative Tudor domain that has been shown to interact with RNA or methylated Histones.[@CIT0008],[@CIT0009] Of the 18 genes with OTU domains in the human genome, 16 genes contain an intact catalytic triad of cysteine, histidine, and aspartate (Ser-His-Asp) to cleave the iso-peptide bond between two ubiquitin units in a poly-ubiquitin chain.[@CIT0010] Human OTUD4, however, only carries a serine (S, Ser) instead of the central cysteine in the catalytic triad (Ser-His-Asp).[@CIT0007] This triad was first identified in the serine proteinases, and the three residues combined in a specific conformation in the active site to hydrolyze the appropriate bond in the substrate.[@CIT0011] This is a ubiquitous set of proteolytic enzymes responsible for a series of physiological reactions, such as the beginning of blood clotting and digestion.[@CIT0012],[@CIT0013] Serine proteinases also play important roles in the tissue destruction associated with arthritis, emphysema, and pancreatitis.[@CIT0014] Previous studies have shown that OTUD4 exerts a DUB-independent function and is mainly used as a scaffold to recruit a multi-DUB complex that directly deubiquitinates the ALKB proteins and then improves the alkylation chemotherapy sensitization of tumors.[@CIT0015] Margolin et al reported homozygous mutations of OTUD4 in patients with ataxia and hypogonadism.[@CIT0016] Silencing OTUD4 in zebrafish embryos leads to defects in the eyes, optic tectum, and cerebellum.[@CIT0016] So far, this is the only report about the deregulation of OTUD4 under pathological conditions. Therefore, we intend to study the relationship between deregulated OTUD4 and multiple human tumors.

In the present study, we reported for the first time that the expression of OTUD4 was downregulated in 11 human cancers. Importantly, our results indicated that the expression of OTUD4 was significantly correlated with the overall survival time of BRCA, ESCA, LIHC, LUAD and OV patients. Furthermore, we also demonstrated that overexpression of OTUD4 significantly reduced the proliferation, migration and invasion of breast, liver and lung cancer cells. Mechanistically, GSEA analysis results indicated that upregulation of OTUD4 may promote cell apoptosis and inhibit AKT signaling pathway. Collectively, these findings suggested that OTUD4 might be a potentially promising biomarker for predicting the prognosis of multiple human cancers and played a tumor suppressor role in human breast, liver and lung cancer.

Materials and Methods {#S0002}
=====================

TCGA Dataset Analysis {#S0002-S2001}
---------------------

Gene expression data was downloaded from GEPIA online ([<http://gepia.cancer-pku.cn/>]{.ul}; TCGA database). TCGA Study Abbreviations are shown in [Table 1](#T0001){ref-type="table"}.Table 1TCGA Study AbbreviationsStudy AbbreviationStudy NameBLCABladder Urothelial CarcinomaBRCABreast invasive carcinomaESCAEsophageal carcinomaLIHCLiver hepatocellular carcinomaLUADLung adenocarcinomaLUSCLung squamous cell carcinomaOVOvarian serous cystadenocarcinomaPAADPancreatic adenocarcinomaPRADProstate adenocarcinomaSKCMSkin Cutaneous MelanomaSTADStomach adenocarcinomaTGCTTesticular Germ Cell TumorsTHCAThyroid carcinomaTHYMThymomaUCECUterine Corpus Endometrial Carcinoma

Prognostic Analysis {#S0002-S2002}
-------------------

An online KM plotter database ([<http://kmplot.com/analysis/>]{.ul}) and TCGA database were used to assess the correlation of OTUD4 mRNA expression with cancer patients' overall survival. Hazard ratio (HR), 95% confidence intervals, and log-rank *P* were determined and presented on the main plots.

Cell Culture {#S0002-S2003}
------------

Breast cancer cells MDA-MB-231, ZR-75-30 and liver cancer cells HepG2, Huh7 were cultured in DMEM medium and lung cancer cells A549, H460 was cultured in RPMI-1640 medium (Gibco, Rockville, MD, USA). The medium was supplemented with 10% FBS, 1% Non-essential amino acids, 2 mM l-glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin (Gibco). All cancer cell lines were purchased from ATCC and cultured according to the ATCC protocol.

Plasmids, Transfection and Stable Cell Line Construction {#S0002-S2004}
--------------------------------------------------------

OTUD4 was PCR amplified from cDNA of BEAS-2B cells, subcloned into the BamH I/SpeI sites of pSin-EF2-puro empty vector (EV) and validated by sequencing.[@CIT0017] Plasmids pSin-EF2-OTUD4 was transfected into indicated cells with Lipofectamine-2000 (Invitrogen) according to the manufacturer's instructions.

RNA Extraction, Reverse Transcription (RT) and Real-Time PCR {#S0002-S2005}
------------------------------------------------------------

Total RNA was extracted using Trizol reagent (Invitrogen). cDNA was synthesized using M-MLV Reverse Transcriptase (Promega). FastStart Universal SYBR Green Master (Roche) was used for quantitative real-time PCR. Primers were as following: OTUD4, forward 5ʹ-AGACCCGAACCAAGCACAT-3ʹ, and reverse 5ʹ-CTGGCTTTTGTTCCGCA-3ʹ; GAPDH, forward 5ʹ-GAAGGTGAAGGTCGGAGTCA-3ʹ, and reverse 5ʹ-TTGAGGTCAATGAAGGGGTC-3ʹ.[@CIT0017] Transcript levels were normalized to the housekeeping gene GAPDH levels. The relative mRNA levels were calculated according to the comparative Ct (ΔΔCt) method, where Ct represents the threshold cycle for each transcript.

Western Blot Analysis {#S0002-S2006}
---------------------

Western blotting was conducted as previously reported.[@CIT0018] The following antibodies were used: anti-OTUD4 (1:500; Millipore) and Anti-α-tubulin (1:5,000; Cell Signaling). Anti-α-tubulin was used as the loading control.

MTT Cell Viability Assay {#S0002-S2007}
------------------------

Cells with a density of 2 × 10^3^ cells per well were inoculated into 96-well plates. At each time point, 100 μL MTT dye (0.5 mg/mL; Sigma-Aldrich Co.) was added to each well and incubated for 4 hrs. Then the culture medium was removed and 100 μL dimethyl sulfoxide (Sigma-Aldrich Co.) was added. The absorbance was determined at 570 nm and at 655 nm. Each experiment was conducted in triplicate.

Cell Migration Assays {#S0002-S2008}
---------------------

Cell migration was measured in Transwell chamber (8 μm; Corning) without Matrigel (BD Biosciences). 2 × 10^4^ indicated cells were suspended in 200 μL serum-free medium and added to the upper chamber, and medium containing 20%FBS was added to the lower chamber. The indicated cells were incubated for 12 or 24 hrs, fixed with paraformaldehyde and then stained with crystal purple. The cells on the bottom surface of the filter membrane were observed and counted under an i200 microscope.

3D Culture Assay {#S0002-S2009}
----------------

The indicated cells (5 × 10^3^) were suspended in 500 μL medium containing 2% matrigel and then inoculated on the 24-well plate coated with 80 μL Matrigel, and 100 μL 10%FBS medium was added every other day. The cells that formed the 3D spherical structure were photographed every 2 days for 10 days.

Statistical Analysis {#S0002-S2010}
--------------------

All statistical analyses were carried out using the GRAPHPAD PRISM 5 software (GraphPad Software, San Diego, CA, USA). Differences between two groups were analyzed using the two-tailed unpaired Student's *t*-test; *P* \< 0.05 was considered statistically significant.

Results {#S0003}
=======

OTUD4 mRNA Expression Is Downregulated in Multiple Human Cancers {#S0003-S2001}
----------------------------------------------------------------

To determine the potential effect of OTUD4 in multiple human cancers, we first validated OTUD4 mRNA expression level using the TCGA database, and the results showed that OTUD4 mRNA expression was significantly downregulated in bladder urothelial carcinoma (BLCA), breast invasive carcinoma (BRCA), liver hepatocellular carcinoma (LIHC), lung adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC), ovarian serous cystadenocarcinoma (OV), prostate adenocarcinoma (PRAD), skin cutaneous melanoma (SKCM), testicular germ cell tumors (TGCT), thyroid carcinoma (THCA) and uterine corpus endometrial carcinoma (UCEC) tissues compared with corresponding normal tissues. Inconsistently, OTUD4 could act as an oncogene in other types of cancer, including pancreatic adenocarcinoma (PAAD), stomach adenocarcinoma (STAD), and thymoma (THYM) ([Figure 1](#F0001){ref-type="fig"}), for the mRNA expression of OTUD4 in these cancers was markedly upregulated.Figure 1OTUD4 mRNA expression is downregulated in multiple human cancers. OTUD4 mRNA expression analysis from The Cancer Genome Atlas. \**P*\< 0.05.**Abbreviations:** BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma; ESCA, esophageal carcinoma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; OV, ovarian serous cystadenocarcinoma; PAAD, pancreatic adenocarcinoma; PRAD, prostate adenocarcinoma; SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma; TGCT, testicular germ cell tumors; THCA, thyroid carcinoma; THYM, thymoma; UCEC, uterine corpus endometrial carcinoma.

OTUD4 Is a Prognostic Biomarker in Several Solid Tumors {#S0003-S2002}
-------------------------------------------------------

To further investigate the prognostic role of OTUD4 in multiple human cancers, we used an online tool ([<http://kmplot.com>]{.ul}) and the TCGA database to explore the relationship between OTUD4 expression and cancer patients' clinicopathological features. Statistical analysis revealed that OTUD4 expression was significantly positively associated with increased overall survival time of BRCA (HR=0.81; *P*=0.00013), ESCA (HR=0.41; *P*=0.027), LIHC (HR=0.54; *P*=0.023), LUAD (HR=0.47; *P*=6.6e-10), and OV (HR=0.53; *P*=0.018, [Figure 2](#F0002){ref-type="fig"}) patients. Overall, the results indicated that OTUD4 could act as a tumor suppressor and might be a predictive biomarker for disease outcomes in BRCA, ESCA, LIHC, LUAD and OV patients.Figure 2OTUD4 is a prognostic biomarker in several solid tumor types. Survival curves are plotted for all patients.**Abbreviations:** BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma; ESCA, esophageal carcinoma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; OV, ovarian serous cystadenocarcinoma; PAAD, pancreatic adenocarcinoma; PRAD, prostate adenocarcinoma; SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma; TGCT, testicular germ cell tumors; THCA, thyroid carcinoma; THYM, thymoma; UCEC, uterine corpus endometrial carcinoma.

OTUD4 Inhibits Tumor Cells Proliferation and Promotes Tumor Cells Apoptosis {#S0003-S2003}
---------------------------------------------------------------------------

In view of the low expression of OTUD4 in multiple human cancers, we studied the role of OTUD4 in the proliferation of breast, liver, and lung cancer cells. MDA-MB-231, ZR-75-30, HepG2, Huh7, A549 and H460 cells were transfected with OTUD4 or EV by Lipo2000. As shown in [Figure 3A](#F0003){ref-type="fig"}, Real Time PCR and Western blot analysis confirmed that OTUD4 mRNA and protein levels were significantly elevated after transfection. MTT assay indicated that the proliferation abilities of these cancer cell lines were dramatically inhibited after OTUD4 transfection ([Figure 3B](#F0003){ref-type="fig"}). To further study the reasons why OTUD4 affects the proliferation of tumor cells, Gene set enrichment analysis (GSEA) was used to analyze the relationship between the expression of OTUD4 and cell cycle and apoptosis of multiple human cancer cells. GSEA revealed that OTUD4 expression was positively associated with apoptosis signatures (HALLMARK_APOPTOSIS) in a publicly available GEO database of breast (GEO42568), liver (GSE26566) and lung cancer (GSE3141) ([Figure 3C](#F0003){ref-type="fig"}). In addition, GSEA results showed that the expression of OTUD4 does not regulate the operation of cell cycle. These results indicated that OTUD4 inhibits the proliferation of multiple cancer cells through promoting the apoptosis of those cancer cells.Figure 3OTUD4 inhibits tumor cell proliferation and promotes tumor cell apoptosis. (**A**) Construction of cell lines with overexpression of OTUD4 in breast cancer, liver cancer and lung cancer cells. Representative Real Time PCR and Western blot analysis shows the results of OTUD4 overexpression in MDA-MB-231, ZR-75-30, HepG2, Huh7, A549 and H460 cancer cells. (**B**) Overexpression of OTUD4 inhibits the proliferation of breast cancer, liver cancer and lung cancer cells. The MTT assay indicates that the growth rates decreased in OTUD4-transduced cancer cells. \**P*\< 0.01. (**C**) Overexpression of OTUD4 promotes apoptosis of breast cancer, liver cancer and lung cancer cells. GSEA plot showing that OTUD4 expression is positively correlated with Genes mediating programmed cell death (apoptosis) by activation of caspases signature (HALLMARK_APOPTOSIS) in published breast cancer patient gene expression profiles (NCBI/GEO/GSE42568, n=121), liver cancer patient gene expression profiles (NCBI/GEO/GSE26566, n=169) and lung cancer patient gene expression profiles (NCBI/GEO/GSE3141, n=111).

OTUD4 Inhibits Migration and Invasion Through Inhibiting AKT Signaling Pathway {#S0003-S2004}
------------------------------------------------------------------------------

To further determine the migratory ability of breast, liver and lung cancer cells, Transwell without matrigel assay was performed, and the result was shown in [Figure 4A](#F0004){ref-type="fig"}. The migration rate of MDA-MB-231, ZR-75-30, HepG2, Huh7, A549 and H460 cells transfected with OTUD4 was drastically lower than that of EV cells. In addition, in 3D culture assay, OTUD4-transduced cancer cells grew into less invasive processes than EV cells ([Figure 4B](#F0004){ref-type="fig"}). In summary, these findings suggested that OTUD4 played a vital role in the migration and invasion of breast, liver and lung cancer cells.Figure 4OTUD4 inhibits breast cancer, liver cancer and lung cancer cells migration and invasion through inhibiting AKT signaling pathway. (**A**) Overexpression of OTUD4 inhibits migration of breast cancer, liver cancer and lung cancer. The results of transwell assay without Matrigel shows decreased migration rate of OTUD4-transduced MDA-MB-231, ZR-75-30, HepG2, Huh7, A549 and H460 cancer cells. Error bars represent the means ± SD of three independent experiments. \**P* \<0.01. Scale bars=100 μm. (**B**) Overexpression of OTUD4 inhibits invasion of breast cancer, liver cancer and lung cancer. The results of representative micrographs of indicated cells grown on Matrigel for 10 days in 3D spheroid invasion assay shows decreased invasion rate of OTUD4-transduced MDA-MB-231, ZR-75-30, HepG2, Huh7, A549 and H460 cancer cells. Scale bars=200 μm. (**C**) Overexpression of OTUD4 inhibits AKT signaling pathway. GSEA plot showing that OTUD4 expression is positively correlated with the AKT-downregulated gene signature (AKT_UP. V1_DN) in published breast cancer patient gene expression profiles (NCBI/GEO/GSE70884, n=87), liver cancer patient gene expression profiles (NCBI/GEO/GSE36411, n=84) and lung cancer patient gene expression profiles (NCBI/GEO/GSE32863, n=116).

To explore the mechanism of OTUD4-mediated proliferation, migration and invasion in breast, liver and lung cancer cells, we next studied the relationship between OTUD4 expression level, and the genes regulated by various signaling signatures using GSEA of GEO datasets. GSEA results showed that OTUD4 expression is positively correlated with the AKT-downregulated gene signature (AKT_UP. V1_DN) in a publicly available GEO database of breast (GEO70884), liver (GSE36411) and lung cancer (GSE32865) ([Figure 4C](#F0004){ref-type="fig"}), indicating that OTUD4 may inhibiting the AKT signaling pathway.

Discussion {#S0004}
==========

OTUD4 is originally identified as a deubiquitinating enzyme with a preference for K48-linked chains. Liuyu et al demonstrated that constant RNA virus infection induces K48-linked ubiquitination and degradation of the adapter protein MAVS and the upregulation of OTUD4. OTUD4 interacts with MAVS and removes the K48-linked polyubiquitin chain from MAVS to prevent excessive degradation of MAVS, thus maintaining the antiviral response to a certain level and limiting the replication of invading viruses by inhibiting NF-κB signaling.[@CIT0019] Yet, Zhao et al reported that OTUD4 directly controls MyD88 K63 deubiquitinating enzyme activity to suppress IL-1β-dependent NF-κB signaling, which is not only dependent on the phosphorylation of OTUD4 near its catalytic domain but also dependent on a putative ubiquitin-interacting motif adjacent to the OTU domain.[@CIT0020] According to another published study, deregulated OTUD4 indeed affects the levels of ubiquitinated XPC in human cells, supporting the hypothesis that the OTUD4 deubiquitinating enzyme participates in the XPC recycling by cleaving the ubiquitin moiety.[@CIT0021] Wu et al showed that overexpression of OTUD4 could damage the homologous recombination repair of DNA double-strand breaks impairs, enhances cell cycle arrest and increases cell death induced by ionizing radiation.[@CIT0017]

It is worth mentioned that the involvement of ubiquitinating enzyme in the regulation of cell process sometimes belongs to non-protein degradation, sometimes to protein degradation, and sometimes to the synergistic effect of these two functions.[@CIT0022],[@CIT0023] In this study, we systematically confirmed for the first time that OTUD4 was significantly downregulated in 12 human solid tumor tissues compared with normal tissues. The analysis of Kaplan--Meier Plotter ([<http://kmplot.com>]{.ul}) and TCGA datasets demonstrated that the expression of OTUD4 was positively correlated with the prognosis of BRCA, ESCA, LIHC, LUAD and OV patients. The overall survival time of patients with OTUD4 high expression was significantly longer than that of patients with OTUD4 low expression. These results suggest that OTUD4 has a tumor-suppressing role in multiple human cancers. Furthermore, our results showed that the overexpression of OTUD4 inhibits the proliferation, migration and invasion of breast, liver, and lung cancer cells through inhibiting the AKT signaling pathway. These results suggested that OTUD4 may be a therapeutic target for multiple human cancers.

OTUD4 plays a key role in maintaining the stability of alkylation repair enzymes by promoting the stability of ALKBH3.[@CIT0015] ALKBH3 does not depend on the deubiquitinating enzyme activity of OTUD4, but on the deubiquitinating enzyme activity of its interactors, deubiquitylating enzyme USP7 and USP9X.[@CIT0015] Recent studies have shown that USP7 binds to nuclear ubiquitin PTEN, induce PTEN deubiquitination and nuclear translocation, thus promoting tumor progression.[@CIT0024] Some studies have shown that USP7 also promotes the deubitization and degradation of p53.[@CIT0025] These results suggest that USP7 is a tumorigenic event that promotes the development of cancer. USP9X has the function of stabilizing the expression of MCL1, an important gene that can stabilize progenitor cells and stem cells and maintain the stability of cancer cells.[@CIT0026] Some studies have shown that patients with overexpression of USP9X have a poor prognosis. These results show that USP9X is a prognostic marker for cancer patients. It may also become a new target for cancer therapy.[@CIT0027] Deubiquitination may be a mechanism by which cancer cells maintain stability.

The overall survival time of pancreatic adenocarcinoma (PAAD) patients with low expression of OTUD4 was significantly longer than that of patients with high expression of OTUD4. OTUD4 seems to be an oncogene in pancreatic adenocarcinoma (PAAD). In the human body, the mechanism of gene expression regulation is extremely complicated. In addition to positive feedback regulation, there is also negative feedback regulation.[@CIT0028] Under the condition of negative feedback regulation, it usually involves complex interacting networks in regulating gene expression, tumorigenesis and development. In different types of cancers, even the same gene may play different roles.[@CIT0029] Thus, the expression and function of OTUD4 varies in different normal and tumor tissues and may be cell- and tumor-type specific. The role of OTUD4 is variable, so it should be examined separately in each type of tumors to determine whether it plays a role as a tumor promoter or suppressor. In general, deeply further studies are needed to detail explain the regulatory mechanism of OTUD4 in different cancers. We plan to conduct more scientific work to clarify the functions and regulatory mechanisms of OTUD4 in PAAD in the future.

Overall, in this study, our results suggest that OTUD4 downregulation is associated with poor prognosis in multiple types of human cancers. Overexpression of OTUD4 inhibits proliferation, migration, and invasion of breast, liver and lung cancer cells. Our results suggest that OTUD4 has a tumor-suppressing function and maybe a potential prognostic factor for multiple solid tumors.

Conclusion {#S0005}
==========

This is the first report to systematically assess the potential role of OTUD4 as a clinically independent prognostic factor for disease progression, prognosis, and survival in BRCA, ESCA, LIHC, LUAD and OV patients. In addition, our study demonstrated that overexpression of OTUD4 could inhibit the proliferation, migration and invasion of breast, liver and lung cancer cells through promoting cell apoptosis and inhibiting the AKT signaling pathway. Therefore, it is worthwhile to further investigate the diagnostic and therapeutic value of OTUD4 in multiple human cancers.
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